A ZnO branched-nanowire (BNW) photoanode was doped with N for use in a photoelectrochemical cell (PEC) to generate H 2 from water splitting. First, ZnO BNWs were synthesized by chemical bath deposition method. Two experimental methods were used for N-doping: the time-controlled direct-current glow discharge plasma (DCGDP) and the DC magnetron plasma (DCMP) methods, to optimize Ndoping of the NW structure. X-ray photoelectron spectroscopy (XPS) provided the N distribution and atomic percentage in the BNWs. The XPS results confirmed that N distribution into ZnO BNWs occurred by N substitution of O sites in the ZnO structure and through well-screened molecular N 2 . The morphologies and structures of the fabricated nanostructures were investigated by field-emission scanning electron microscopy and X-ray diffraction respectively. The photoanode performance was demonstrated in photoelectrochemical studies at various power densities under both dark and illuminated conditions. Increasing the N amount in the ZnO BNWs increased the photocurrent in the PEC.
Introduction
The search for efficient and low-cost energy carriers has recently alerted scientists to the promising approach of directly converting solar energy into H 2 [1, 2, 3] . This approach focuses on the production of H 2 from renewable energy resources, using photoelectrochemical cells (PECs) to split water [1, 2, 3] . PECs are solar cells comprising redox media and photoelectrodes fabricated from different materials [4, 5, 6, 7, 8] . The photoelectrode material type and structure are critical in determining the PEC performance [9] . Semiconducting photoanodes in PECs dominate the process of converting incident photons into electron-hole pairs [10] . This conversion and its effects on the water-splitting mechanism were explained in our previous work [11] . A semiconductor with a band gap of 1.6-2.2 eV was ideal for a photoelectrode that could absorb a wide range of the solar spectrum and convert incident photons into electron-hole pairs efficiently [10] .
Since the first PEC demonstration with a TiO 2 photoelectrode [4, 5, 6, 7, 8] , different nanostructured materials have been studied extensively. Nanostructured metal oxides as photoelectrodes have many advantages, including large surfacearea-to-volume ratios, short lateral diffusion lengths for charge carriers, and low reflectivity. Photoelectrodes of Ta 3 N 5 in both thin-film and nanoparticle forms have been demonstrated for PEC water splitting [11, 12, 13] . A vertically aligned Ta 3 N 5 nanorod photoelectrode yielded a more efficient photocurrent density than a planar Ta 3 N 5 anode [13] .
A vertically aligned ZnO nanorod array was developed and doped with N via thermal annealing to improve light absorption in the visible region, photocurrent, photon-to-H 2 conversion, and water-splitting efficiency [14] . A heterogeneous 3D branched nanorod photoelectrode was constructed with a p-Si nanowire (NW) core and branches of ZnO NWs with high surface-area-to-volume ratios. This structure was employed to study the effect of surface morphology on the photoelectrochemical water-splitting efficiency. Larger ZnO NW branches and longer, denser p-Si NW cores promoted higher photocathode currents and better efficiency [15] .
In this work, ZnO branched NWs (BNWs) were synthesized as a PEC photoelectrode by a chemical bath deposition in order to increase the nanostructure surface-area-to-volume ratio. The structure was then doped with N by timecontrolled direct-current (DC) glow-discharge plasma (DCGDP) and DC magnetron plasma (DCMP) methods. The electronic structure, N depth profile, and distribution into ZnO with treatment time were studied via X-ray photoelectron spectroscopy (XPS) results. The effect of the modified electronic structure on the conversion efficiency of solar photons to electron-hole pairs via the flat band potential and photocurrent induced during photoelectrochemical measurement were demonstrated. The aim of this work was to optimize N-doping of ZnO BNWs by controlling the plasma treatment time and to demonstrate the effect of this Article No~e00423 doping on the photoresponse, electrochemical properties, and H 2 generation efficiency.
Experimental
The ZnO nanostructure was synthesized on a Si (100) wafer substrate by by chemical bath deposition process using a nutrient solution of a 1:2 ratio of Zn(NO 3 quantitatively characterized by XPS (ESCALAB250 X-ray photoelectron spectrometer) using monochromatic Al Kα (1486.6 eV) radiation. The binding energy scale was calibrated to an Au 4f 7/2 line position of 83.98 eV. Ultra-thin depth profiling was conducted by Ar ion bombardment with the ion energy of 2 keV. The measured sample current during depth profiling was 2 mA, and the bombardment area measured 2 mm × 2 mm. The peak identification was achieved with reference to an XPS database. Photoelectrochemical measurements were performed in a 0.25-M Na 2 SO 4 aqueous electrolyte using Pt and Ag/AgCl as the counter and reference electrodes, respectively. Measurements of the dark current and photocurrent under white light at powers of 180 and 250 mW/cm 2 were performed using linear-sweep polarization (PAR2273 Electrochemical Measurement System, EG&G). The flat band potential at the NW/electrolyte interface was determined by the electrochemical impedance method using Mott-Schottky plotting. Each type of electrochemical measurement was repeated at least three times. The H 2 generation efficiency was measured by steady-state current measurements.
Results and discussion
The synthesis of ZnO BNWs was achieved with the addition of NH 4 to the plasma treatment type, as listed in Table 1 . As an example of XPS narrow scanning, Fig. 3 shows the binding energies of N 1s for the ZnO BNWs treated by DCMP for 3 min. The appearance of γ-N 2 in the samples treated by DCMP can be explained by plasma dissociation mechanisms. In a plasma environment, dissociation and recombination occur simultaneously; the process that becomes prevalent depends on the plasma power. The magnetron effect attracting certain species toward the substrate in DCMP increases the appearance opportunity of different N molecules compared to that in DCGDP.
The N concentrations, referring to the atomic ratio of N to Zn in the NWs, can also be determined by XPS analysis. Table 2 shows the increase in N atomic percentage with increasing plasma treatment time; N reaches the maximum percentage of 25.0771% after 100 min and 14.123% after 3 min for DCGDP and DCMP treatments, respectively. Moreover, the depth of N from the DCGDP-treated ZnO NW surfaces is decreased with treatment time until reaching a plateau of 7 nm, after 30 min. The N depth in DCMP-treated ZnO NWs is dramatically decreased with time. This is related to surface etching from the long-term exposure to ion bombardment in the plasma environment of DCGDP and to high-energy ions in DCMP. Fig. 4 shows the highly etched surface morphology of the 4-min DCMPtreated ZnO BNW; the etching is from high-energy ionic bombardment. We neglected to characterize BNW arrays showing significant etching.
Electrochemical impedance measurements for the N-doped ZnO BNW were performed in darkness using Mott-Schottky plots [18] in order to determine the flat band potential V fb . V fb assists in understanding the effects of electronic structure Article No~e00423 [19, 20] . These effects decrease the potential required to induce zero charges at the semiconductor redox interface and therefore V fb . Table 3 shows V fb according to plasma treatment type, treatment time, and N concentration.
More cathodic V fb , the maximum N atomic concentration, and the depth results were considered for the next photoelectrochemical tests. Photoelectrodes treated for 100, 160, and 3 min by DCGDP and DCMP, respectively, were chosen. To evaluate the properties of the photoanodes in a PEC, linear sweep polarization was conducted both in darkness and under illumination. In dark conditions, almost no current is observed from all plasma-treated ZnO BNW photoanodes. With illumination, the tested photoelectrodes reveal slight increases in photoanodic currents with increasing applied potential and light power density, as illustrated in electron mobility in the ZnO BNW, decreases electrical resistance, and an increases electron transfer efficiency [21, 22] .
In addition, the maximum photoanodic current at 0.8 V applied potential for the DCGDP-treated ZnO BNW electrodes depends on the N concentration, as listed in Table 4 . The photoanodic current for the ZnO BNW electrode treated for 3 min by DCMP is higher than that for the electrode treated by DCGDP for 160 min, despite their similar N contents. This may relate to the N depth and states identified by XPS. For ZnO with an N concentration gradient to the surface, the gradient can [ ( F i g . _ 5 ) T D $ F I G ] efficiently promote photoinduced electron-hole transfer via the terraced band structure [23] . From these results, the N concentrations, depths, and chemical states are critical in determining the photoelectrode's response to photoelectrochemical reactions. A comparison between this work and previous research results is listed in Table 5 .
The N doping amount in the ZnO BNW also affects the efficiency of H 2 generation (η′) under exposure to photons. The η′ values are calculated by the Eq. (1) [20] :
Where I is the steady-state current, V the applied potential, and J the power density of the light. The steady-state current values are obtained from transient current density measurements. Steady-state current measurements for the ZnO BNW photoanodes DCGDP-treated for 100 min and DCMP treated for 3 min were performed at 250 mW/cm 2 under a light on/off pattern at 300-s intervals. In Fig. 6 , the calculated results of H 2 production efficiency are plotted versus the applied potential. The H 2 generation efficiency for the N-doped ZnO anodic electrode treated for 100 min by DCGDP is higher than that for the electrodes treated for 3 min in DCMP throughout the applied potential range. This is because of the higher photocurrent response mentioned above.
Conclusion
The synthesis of ZnO BNW is performed chemical bath deposition by tuning of wet-processing parameters, followed by DCGDP and DCMP treatment to dope N into the BNWs. This affects the BNW electrodes in terms of electrochemical impedance, ZnO/electrolyte interface electrochemistry, photoanodic current response, and efficiency in photon-to-H 2 (η) generation. The DCGDP treatment is more appropriate for N-doping of ZnO BNWs than DCMP treatment. This is because the high-energy ion bombardments during DCMP treatment etch the BNW surface, thereby reducing the N concentration and depth.
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